Background Nicotine dependence during adolescence increases the risk of continuing smoking into adulthood. The magnitude of nicotine dependence among adolescents in the European Union (EU) has not been established. We aimed to estimate the number of nicotine dependent 15-year-old adolescents in the EU, and identify high-risk groups.
Introduction
Smoking prevalence among European adolescents is higher than in other parts of the world, such as Australia and North America. 1, 2 In 2013, around 10% of European adolescents aged 15-17 years were daily or current smokers, according to self-reported data. 3, 4 At least one-fourth of the adolescent smoking population continues smoking at later age, 5, 6 which may be driven by high levels of nicotine dependence. 7, 8 In turn, persistent smoking increases the risk of developing tobacco related illnesses at later age, and at least half of longterm smokers die of smoking-related diseases. 9 Nicotine is a highly addictive substance, due to its quick absorption into the bloodstream leading to dopamine release in the brain. 7 While high dopamine levels cause a pleasant feeling, lower levels cause smokers to crave for the next cigarette. 7 The adolescent brain is biologically prone to addiction, 10 making the risk of developing dependence higher in adolescents than in adults. 11 Nicotine dependence is characterized by experiencing withdrawal when nicotine is absent, feeling relieved within 5 s after puffing a cigarette, having high cravings for cigarettes, and being behaviourally dependent on nicotine. 8, 12 The first symptoms of nicotine dependence often appear days to weeks after smoking the first cigarette; which is often before the onset of daily smoking. 6 The prevalence of nicotine dependence among adolescents has been measured on a few occasions. In 1999, 66% of Canadian adolescent daily smokers with a mean age of 13 years were nicotine dependent, according to ICD-10 and the Hooked on Nicotine Checklist. 8 Using the Fagerström Tolerance Questionnaire (FTQ), a study in Texas found that 63% of 15-18 years old current smokers were nicotine dependent in 1999. 13 A study from Germany in 1995 reported nicotine dependence among 19% of 14-24-year-old regular smokers. 14 Additionally, a study in 2007 in Finland reported 44% of the daily smoking 14-18 years old population being nicotine dependent. 15 Latter two studies used the Heaviness of Smoking Index (HSI). These estimates may be out-dated, and there are no previous studies that cover the entire European Union (EU). Therefore, more recent and representative prevalence estimates of nicotine dependence in the EU are required in order to provide insight into the scope of the problem and its persistence in the future among EU adolescents.
Identifying risk groups would provide important information for targeted prevention strategies. Nicotine dependence is for 75% driven by genetic factors, 5, 16 but environmental factors may play a role, mainly by triggering smoking initiation. Examples of determinants include peer pressure or exposure to smoking by friends and parents, female gender, older age, low socioeconomic status (SES), higher cigarette consumption, and an earlier age of smoking initiation. 12, [16] [17] [18] [19] [20] [21] [22] [23] [24] However, risk factors of nicotine dependence among smokers were often not distinguished from risk factors of smoking initiation. The current literature therefore has a limited contribution to a better understanding of where nicotine dependence originates, and what risk factors, after smoking initiation, determine the level of dependence.
The primary aim of this study was to estimate the size of the 15-year-old population in the EU that is nicotine dependent. An additional aim was to identify subgroups that show higher nicotine dependence, either because of higher risk of daily smoking or higher risk of nicotine dependence after smoking initiation.
Methods
Data and study population Data for this study was obtained from the 2013 Eurostat database, 25, 26 the 2013/2014 Health Behaviour in Schoolaged Children (HBSC) report, 4 and the 2013 Smoking Inequalities: Learning from Natural Experiments (SILNE) survey. 27 In this study, we combined these data sources to extrapolate the nicotine dependence rates found in SILNE (i.e. six EU countries) to the EU as a whole, using the smoking prevalence data from HBSC. Data from the SILNE survey were additionally used for the analyses of risk groups.
Eurostat database
Eurostat 2013 provides data on population size per country that was obtained from censuses of 27 EU Member States. 25, 26 We extracted the total number of 15-year-old adolescents, stratified by gender, on 1 January 2013 in the EU.
HBSC report
The HBSC survey is a repeated cross-national survey regarding adolescents' health in their social context. Representative schools were selected randomly by each EU Member State. We consulted the 2013/2014 survey report, which is based on data of almost 220 000 adolescents aged 11, 13, and 15 years in 42 countries of which 27 EU Member States. 4 Data collection in the survey was carried out through questionnaires in school classes. 28 Representative schools were selected randomly within each country, and countries followed the same standardized procedures. Daily smoking was measured by asking how frequently respondents have smoked cigarettes during the last 30 days. 27 We extracted the proportion of daily smoking 15 years old (at least one cigarette per day in the last 30 days), stratified by gender, from in 27 EU countries.
SILNE dataset
The SILNE survey is a cross-national survey conducted in January-November 2013, including 11 015 students aged 13-17 years (79.4% response rate). 27 A total of 50 secondary schools were selected to represent different levels of SES in six EU cities, representative for the country: Latina (Italy), Tampere (Finland), Namur (Belgium), Hannover (Germany), Coimbra (Portugal), and Amersfoort (The Netherlands). 27 The questionnaire covered questions on health, smoking, and SES. While the sample of 13-year-olds was too small, the group of 15 years old provided sufficient information to be combined with the HBSC data. Therefore, we included only 15-year-olds (N = 1852; 451 daily smokers) in this study when we aimed to determine the total number of 15-year-old nicotine dependent daily smoking population. Respondents aged 14-16 years (N = 9578; 1127 daily smokers) were included in the analyses to identify potential risk groups. The age groups 14 and 16 years old were added to increase the power, due to a too small sample size when only 15-year-olds were included.
Measures in the SILNE survey
Nicotine dependence Nicotine dependence was measured in the SILNE survey with the Stanford Dependence Index (SDI), containing five questions (see Appendix 1). 29, 30 The SDI was validated for use in the European adolescent population. 31 The nicotine dependence score was computed as the sum of all five items, ranging from 0 to 20. 29, 30 Among daily smokers, a total of 986 adolescents of all ages answered all five SDI questions (96.7%), of which 277 were 15 years old and 703 14-16 years old. Missing values among daily smokers were excluded from the analyses (N = 25). The Cronbach's alpha of the SDI, calculated in the SILNE survey, was 0.74. Moderate to high nicotine dependence was defined as a nicotine dependence score of ≥10, and lower nicotine dependence was defined as a score of <10.
32 This cut-off is used in previous research 32 ; however, this cut-off value was not validated.
Smoking
Smoking status, obtained from the SILNE survey, was dichotomized as daily smokers versus non-(daily) smoker. Adolescents reporting no smoking, having smoked only one or two cigarettes in the last 30 days, or having smoked only one or two cigarettes per week were categorized as non-(daily) smokers. Adolescents smoking at least one cigarette per day were defined as daily smokers.
Age of first cigarette was measured by asking how old respondents were when they first tried smoking cigarettes, even if it were just a few puffs. Answer options were categorized into: 13 years or older (reference category), 12 years old, and 11 years or younger.
Daily cigarette consumption among daily smokers measured how many cigarettes they smoked on average per day during the past 30 days. Answers were categorized as 1-10 cigarettes (reference category), 11-20 cigarettes, or 21 or more cigarettes per day.
Risk group factors
Potential risk factors for daily smoking prevalence and for nicotine dependence, measured in SILNE, included age, gender, academic achievement, parental education, parental smoking status, and smoking status of friends.
Academic achievement was measured according to marks received during the past academic year. Adolescents were asked: 'Which of the following best describes your school marks during the past year?'. Answers were country-specific, according to the national grading system. 33 Academic achievement was divided into tertiles, separately for each country. High academic achievement level was the reference category.
Parental education level was reported by adolescents. The highest attained educational level of both the mother and father were reported. The educational level of the most highly educated parent was used in the analyses. Per country, education was categorized into 'low', 'medium', and 'high' (reference category). In general, college or university degree corresponded with high level, upper secondary school and/ or a lower level of college corresponded with medium level, and primary school and/or a lower level of secondary school corresponded with low educational level. 'I don't know' was coded as a separate category.
Parents' and friends' smoking were reported by adolescents. Adolescents were asked: 'Does any member of your household smoke cigarettes?', separately for their father and mother, and, if applicable, their stepfather and stepmother, and dichotomized into at least one smoking parent/stepparent versus no smoking parents/stepparents. Friends' smoking was measured by asking: 'Do any of your best and closest friends smoke cigarettes?'. Answers were: 'none of them' (reference category), 'some of them', 'most of them', or 'all of them'.
Statistical analyses
To estimate the total number of nicotine dependent 15-yearold EU girls and boys, we first multiplied the total number of 15-year-old adolescents in the EU (Eurostat data) with the proportion of 15-year-old daily smokers in the EU (HBSC data), which provided the total number of 15-yearold daily smokers in the EU. Secondly, we multiplied the latter number with the proportion of 15-year-old nicotine dependent EU adolescents among daily smokers (SILNE data). This provided the total estimated number of 15-yearold daily smoking EU girls and boys who were moderately to highly nicotine dependent in 2013. In this calculation, we assumed that the proportion nicotine dependent 15-year-old daily smokers in the six SILNE countries approached the proportion in the EU.
The risk group analyses were performed in the SILNE dataset, using unadjusted and adjusted logistic regression analyses. Three models for risk groups for the following outcome variables were created: (i) daily smoking prevalence in the total population, (ii) nicotine dependence in the total population, and (iii) nicotine dependence among daily smokers. Adjusted models controlled for age, gender, academic achievement, parental education, and parental and friends' smoking behaviour. For nicotine dependence among daily smokers, cigarette consumption and age of smoking onset were additionally included. For all regression models, we performed a sensitivity analysis using the continuous nicotine dependence scale, in linear regression models.
All statistical analyses were performed in SPSS version 23.
Results Table 1 presents the total number of the 15-year-old daily smoking population and the total number of nicotine dependent daily smokers in the EU. In total, 172 636 15-year-old daily smokers in the EU were moderately to highly nicotine dependent in 2013. This corresponds to 35.3% of the total EU 15-year-old smoking population, and 3.2% of the total 15-year-old EU population. The proportion of 15-year-old adolescents in SILNE for each score on the nicotine dependence scale (SDI) is presented in Fig. 1 . The mode is a score of 6 and the median is 8. The histogram shows a slightly right-skewed distribution with a mean of 8.34 and standard deviation of 3.94. Table 2 describes the associations between risk factors and daily smoking prevalence, and nicotine dependence (i.e. outcome variables) in adjusted models in the SILNE dataset. Daily smoking was more likely among males, older adolescents, adolescents in the low and middle academic achievement levels (compared to high), and adolescents with smoking parents and smoking friends. Daily smokers with a low level of academic achievement were at increased risk of nicotine dependence (compared to high level), but none of the other risk factors were significantly associated with nicotine dependence among daily smokers. Consequentially, low academic achievement was a risk factor of nicotine dependence in the total population, as well as older age, smoking parents, and smoking friends. The sensitivity analyses showed that the same risk factors were associated with higher scores on the continuous nicotine dependence scale. Table 3 presents unadjusted and adjusted models for nicotine dependence among daily smokers. Additional to Table 2 , cigarette consumption and age of smoking onset were included. After controlling for all other variables, both unadjusted and adjusted models show that nicotine dependence among daily smokers was associated with low academic achievement compared to high performance, consuming 11 or more cigarettes per day compared to 1-10 cigarettes, and younger age of smoking onset. Overall, no significant associations were observed for age, gender, parental education, or smoking behaviour of parents and friends, but confidence intervals are wide. The sensitivity analyses showed that the same risk factors were associated with higher scores on the continuous nicotine dependence scale.
Discussion Main findings of this study
We estimated that more than 172 000 15-year-old daily smokers in the EU were moderately to highly nicotine dependent in 2013. This is~35% of the 15-year-old daily smoking population and~3% of all 15-year-olds in the EU. Risk groups of daily smoking and nicotine dependence in the total population included males, older adolescents, adolescents with a lower level of academic achievement, and adolescents with smoking parents or friends. Among daily smokers, risk groups were those with lower academic achievement level, higher cigarette consumption, or younger age of smoking onset.
What is already known on this topic
We estimated that 35% of 15-year-old daily smokers in the EU had moderate to high nicotine dependence. This estimate falls in between North-American estimates of 63 and 66%, 8, 13 44% in Finland, and 19% in Germany. 14, 15 The latter study used the Heaviness of Smoking Index (HSI) to quantify nicotine dependence, which includes questions regarding the amount smoked and, therefore, considers consumption an indicator for nicotine dependence. 15 The SDI only measures behavioural changes due to the availability of nicotine. The higher prevalence according to SDI in the current study compared with the HSI in the German study 15 reflects that behavioural signs of dependence may already occur at a relatively low level of consumption.
Our results agree with other studies in suggesting that early age of smoking onset (before the 14th birthday) is a risk factor for being nicotine dependent at later age. 6, 24 Nicotine dependence develops quickly after smoking the first cigarette and increases in intensity over time. 6, 24 Earlier age of smoking onset has not only been found to lead to more severe nicotine dependence, but also to more difficulties in smoking cessation at later age. 18, 34 We found that nicotine dependence among daily smokers was barely associated with parental smoking. Given that nicotine dependence is highly heritable, 5, 11 this is a surprising result. However, some previous studies also did not find strong associations between adolescent nicotine dependence and parental smoking or dependence. 35, 36 A prospective study found that a positive association between maternal dependence and offspring dependence only emerged in young adulthood. 35 
What this study adds
The results underline the importance of actively preventing smoking uptake and nicotine dependence among young people. Additional to the estimated 172 636 nicotine dependent 15-year-olds, the total number of dependent adolescents in the EU must be higher, as smokers at age 15 are likely to continue smoking at later age, 7,9,37 and many adolescents start smoking at ages over 15 years. 38 Older adolescents could not be included, as HBSC only contained information on adolescents aged 11, 13, and 15 years. In the SILNE data, we found that 16-year-old smokers show similar proportions of nicotine dependence. This suggests that an increase in nicotine dependence with age would for a larger part be driven by an increase in smoking prevalence, than by an increase in dependence levels among smokers. This is supported by studies among adults in which about half of smokers were nicotine dependent. 39, 40 This also implies that the absolute number of 15-year-old nicotine dependent adolescents may decrease in the future, due to the decreasing smoking trend in most European countries. 41 Prevention can take a population approach through the implementation of tobacco control policies, especially increases in the price of tobacco products, mass media campaigns, comprehensive smoke-free policies, smoking curricula in schools, restrictions on marketing opportunities for the tobacco industry, and stronger enforcement of the ban on sales to minors. [42] [43] [44] Additionally, prevention may be targeted at specific groups of adolescents who have increased risk of initiating smoking and developing dependence. 45 Adolescents who perform poorly in school are an important target group as they have higher risks of both initiating smoking and developing nicotine dependence. Moreover, a greater difference between achievement levels was observed for nicotine dependence than for smoking initiation. This implies that inequalities among adult smokers, among whom low SES smokers were more likely to be nicotine dependent, 46 already emerge in adolescence. As previously suggested for adults, 46 an academic gradient in adolescents may be explained by the interaction between psychological stress (e.g. caused by poor academic performance and potential related adverse conditions at home) and the alleged stress relieving properties of smoking. Moreover, adolescents who do poorly in school may tend to accept higher levels of cigarette consumption, as social norms have shown to differ according to academic performance. 47 Examples of prevention strategies that could target lower SES adolescents include tobacco taxes, education programmes, and tailored mass media campaigns. 48, 49 No proof was found on how improving school attainment would reduce cigarette consumption. Total % smoking 15-year-old adolescents (HBSC) 8.9 (8.5-9.3) 9.5 (9.1-9.9) 9.2 (8.9-9. 
NICOTINE DEPENDENCE AMONG ADOLESCENTS IN THE EUROPEAN UNION
Given that nicotine dependence affects more than a third of daily smoking adolescents, it is important that they are offered help to quit smoking. Smoking cessation support may be especially important for adolescents with poorer academic performance, who are at increased risk of nicotine dependence once they initiate smoking. Unfortunately, there is a lack of positive evidence on measures to improve the reach and effectiveness of cessation support services among adolescents. 50, 51 Future studies will need to identify services that can effectively help adolescents who have already become nicotine dependent.
Our study focussed on nicotine dependence related to the use of conventional cigarettes. In addition to these, ecigarettes may also contribute to nicotine dependence in EU adolescents. 52 High proportions of adolescents in Europe and the USA have tried e-cigarettes, and up to a third of them tried e-cigarettes without using conventional cigarettes. 53, 54 In order to reduce nicotine dependence in adolescents in Europe, controlling their e-cigarette use is essential.
Limitations of this study
Our estimate of the number of nicotine dependent 15-yearolds has some degree of uncertainty.
First, to determine nicotine dependence, we used cut-off value of 10 on the 0-20 SDI scale. This cut-off value was used only in one previous study, and is not validated. 31 A higher threshold would lead to a lower estimate, while a lower threshold would have resulted in a higher estimate of the number of dependent adolescents. Many 15-year-olds scored only just under the cut-off value of 10 on the 0-20 scale, indicating that some level of dependence is quite prevalent Table 2 The association between potential risk groups and daily smoking prevalence, nicotine dependence prevalence among daily smokers, and nicotine dependence prevalence in the total population in three adjusted regression analyses among 14-16- among daily smokers. This study, therefore, may portray conservative estimate of the number of persons that become nicotine dependent during adolescence. Second, estimates for the six cities in the SILNE data were extrapolated to all EU countries. As the SILNE data did not include eastern European countries, 33 our estimates may be biased if Eastern EU countries have different nicotine dependence rates among smokers than Western EU countries. Unfortunately, we could not find information on nicotine dependence rates in these countries, and, therefore, are uncertain about the extent of bias this may have caused.
Third, only daily smokers were included in determining the number of nicotine dependent adolescents, while nicotine dependence could also develop among weekly/occasional smokers. 11 In the SILNE data, among non-daily smokers (N = 199), very few were nicotine dependent (N = 5). This suggests that the exclusion of non-daily smokers may not have led to a considerable underestimation of nicotine dependence rates in the EU.
Fourth, due to the cross-sectional nature of the data, causal inference should be made with caution. The number of cigarettes consumed showed an association with nicotine dependence. This association is known to be bi-directional: heavier smokers show higher nicotine dependence rates, while the dependency leads to smoking higher consumption. 17 In conclusion, according to the current study's estimates, more than 172 000 15-year-old EU adolescents were nicotine dependent in 2013. Prevention of smoking initiation, especially among adolescents with poor academic performance, is necessary to prevent a similar number of adolescents getting addicted to nicotine in each consecutive year. Additionally, it is essential to further study how smoking cessation services can effectively reach and help those adolescents who have already become dependent.
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